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HIGHLIGHTS 


•  The  new  polyoxometallate  K7ConWii039SnIVOH  has  Keggin  type  of  Sn-substituted  structure. 

•  The  Pd/C— 1<7  catalyst  is  prepared  with  the  simple  impregnation— reduction  method. 

•  The  Pd/C— 1<7  catalyst  inhibits  the  CO  pathway  for  the  oxidation  of  formic  acid. 

•  The  Pd/C— 1<7  catalyst  exhibits  enhanced  stability  and  activity  for  the  formic  acid  oxidation. 
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The  carbon  supported  Pd(Pd/C)  catalyst  modified  by  the  new  polyoxometalate  with  Keggin  type  of  Sn- 
Substituted  structure  I<7ConWii039SnlvOH  (Pd/C— 1<7)  catalyst  is  prepared  with  the  simple  impregna¬ 
tion-reduction  method.  This  work  investigates  the  effects  of  Pd/C— 1<7  catalyst  for  direct  formic  acid  fuel 
cells  (DFAFCs).  The  morphology,  structure,  size  and  composition  of  the  Pd/C— 1<7  catalyst  are  character¬ 
ized  by  transmission  electron  microscopy  (TEM)  energy  dispersive  spectrum  (EDS),  X-ray  diffraction 
(XRD).  Cyclic  voltammetry,  chronoamperometry  and  CO-stripping  voltammetry  tests  demonstrate  the 
Pd/C-I<7  catalyst  have  higher  electrocatalytic  activity,  better  electrochemical  stability,  and  higher 
resistance  to  CO  poisoning  over  the  unmodified  Pd/C  catalyst  for  the  formic  acid  oxidation  reaction 
(FAOR)  owing  to  K7ConWn039SnlvOH  with  Keggin  structure.  Therefore,  the  Pd/C — 1<7  catalyst  could  be 
used  as  the  excellent  anodic  catalyst  in  DFAFCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  low  fuel  crossover  and  high  energy  density,  DFAFCs  are 
expected  to  be  among  the  first  commercial  applications  of  various 
fuel  cells  [1—5].  Formic  acid  electrooxidation  obeys  a  triple-path 
mechanism  in  acidic  electrolyte  (Scheme  1)  [6—9],  namely:  (i)  a 
direct  pathway,  in  which  formic  acid  is  oxidized  directly  into  CO2; 
(ii)  an  indirect  pathway,  via  COadS  formation  and  oxidation;  (iii)  a 
formate  pathway,  involving  the  formation  and  subsequent  oxida¬ 
tion  of  formate  to  CO2.  The  efficiency  of  the  formic  acid  electro¬ 
oxidation  reaction  is  highly  dependent  on  the  catalyst  and  Pd- 
catalyzed  formic  acid  electrooxidation  reaction  is  one  of  the  most 
important  reactions  in  DFAFCs.  Unfortunately,  the  electrocatalytic 
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stability  of  the  Pd  catalyst  for  formic  acid  is  poor  owing  to  the 
poisoning  adsorption  of  COadS  via  the  indirect  pathway  10]. 
Therefore,  improving  the  resistance  of  the  Pd  catalyst  to  the 
poisoning  species  is  a  preferable  method  for  alleviating  the  deac¬ 
tivation  of  the  Pd  catalyst  compared  with  the  oxidative  treatment 
[11,12]. 

Further  studies  have  revealed  that  Pd  catalyst  is  bifunctional 
[13].  On  the  other  hand,  it  can  simultaneously  catalyze  the  elec¬ 
trooxidation  and  decomposition  of  formic  acid.  The  decomposition 
of  formic  acid  over  the  Pd  catalyst  could  undergo  through  two 
parallel  pathways  [14,15]: 

HCOOH  -►  C02  +  H2  (dehydrogenation)  ( 1 ) 

HC00H^C0  +  H20  (dehydration)  (2) 

The  decomposition  of  formic  acid  over  the  Pd  catalyst  could 
waste  a  lot  of  formic  acid  and  produce  CO  in  dehydration  reaction 


http://dx.doi.org/10.1016/j.jpowsour.2014.03.024 
0378-7753/©  2014  Elsevier  B.V.  All  rights  reserved. 
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Indirect  pathw  ay 


Scheme  1.  Schematic  description  of  the  “triple-path  way”  reaction  mechanism  for  the 
formic  acid  oxidation. 

(2).  Furthermore,  the  produced  CO  would  poison  the  Pd  catalyst 
and  decreases  its  electrocatalytic  performance.  Therefore,  reducing 
the  decomposition  of  formic  acid  over  the  Pd  catalyst  is  also  a  good 
method  to  improve  the  electrocatalytic  performance  of  the  Pd 
catalyst. 

The  polyoxometallate  often  serves  as  the  acid  catalyst  due  to  its 
acidity.  It  can  be  also  used  to  catalyze  alcohol  compounds  for  its 
good  performance  of  oxidation-reduction  [16,17].  On  the  other 
hand,  metal-substituted  derivative  of  the  polyoxometallate  has  so 
many  characteristics,  such  as  highly  stable  redox  state,  adjustable 
redox  voltage  and  multielectron  transfer,  which  has  been  widely 
used  in  the  field  of  catalysis  and  electrochemistry  [18].  The  new 
polyoxometallate  with  Keggin  structure  is  widely  investigated  and 
the  anion’s  general  structural  formula  is  [XMi204o]n~  (X  =  P,  Si,  Co, 
Ge,  Ga,  As,  Zn,  M  =  metal  or  organo-metallic)  [19-21  .  According  to 
the  previous  reports  that  tin  suppresses  CO  buildup  on  platinum 
surfaces  [22,23],  and  then  tin  has  been  shown  to  promote  formic 
acid  oxidation  on  palladium  to  also  to  irreversibly  adsorb  on  a 
palladium  surface  [11,24,25]. 

In  this  paper,  the  inorganic  substances  SnCU  is  used  to  synthe¬ 
size  the  new  polyoxometallate,  which  hasn’t  been  reported.  Then, 
Pd/C-I<7  catalyst  was  prepared  with  the  simple  impregnation- 
reduction  method  and  the  electrocatalytic  performance  of  the  Pd/ 
C-K7  catalyst  for  formic  acid  oxidation  was  investigated.  The  re¬ 
sults  indicated  that  the  Pd/C-I<7  catalyst  shows  the  excellent 
electrocatalytic  performance  for  formic  acid  oxidation.  This  is 
meaningful  for  DFAFC  because  such  catalyst  would  simultaneously 
solve  two  big  problems:  the  poor  electrocatalytic  performance  of 
the  Pd  catalyst  and  the  decomposition  of  formic  acid  over  the  Pd 
catalyst. 

2.  Experimental 

2.1.  Reagents  and  chemicals 

Vulcan  XC-72  carbon  was  obtained  from  Cabot  Company  (Bos¬ 
ton,  USA).  PdCl2  was  purchased  from  Sinopharm  Chemical  Reagent 
Co.  Ltd.  (Shanghai,  China).  5  wt%  Nation  solution  was  purchased 
from  Aldrich  Chemical  CO,  USA.  All  other  reagents  were  of  analyt¬ 
ical  grade  and  used  without  further  purification.  All  the  aqueous 
solutions  were  prepared  with  Millipore  water  (Purelab  Classic 
Corp.,  USA). 

2.2.  Preparation  of  catalysts 

The  K7ConWii039SnIVOH  was  prepared  as  follows:  36.4  g 
Na2W04  -2FI20  was  dissolved  in  200  mL  FI20  and  pFI  of  the  solution 
was  adjusted  to  6  with  the  glacial  acetic  acid.  The  solution  was 
heated  until  boiling.  Then,  40  mL  aqueous  solution  with  2.4  g 
Co(Ac)2-4FI20  and  the  10  mL  aqueous  solution  with  7.2  g 


SnCl4-5H20  was  respectively  injected  dropwise  into  the  boiling 
solution.  After  the  pFI  of  the  mixed  solution  was  adjusted  to  2  with 
4  M  HC1,  the  temperature  of  the  solution  was  kept  at  80-90  °C  for 
1  h.  Then,  the  mixed  solution  was  added  into  11.9  g  KCl  and  stirred 
for  1  h.  Finally,  the  blue  precipitate  was  obtained,  which  was 
filtered,  washed  and  dried  at  room  temperature  for  12  h. 

The  Pd/C  catalyst  with  20.0  wt%  Pd  was  prepared  with  the 
following  procedure:  3.13  mL  0.04504  M  PdCl2  and  60  mg  Vulcan 
XC-72  carbon  were  mixed  with  water  to  the  final  volume  of  10  mL. 
The  resulting  suspension  was  sonicated  for  30  min  and  stirred 
mechanically  for  4  h.  After  the  pFI  of  the  suspension  was  adjusted  to 
8-9  with  the  Na2C03  solution,  the  appropriate  amount  of  NaBFI4 
solution  was  slowly  added  to  the  suspension  and  then,  the  sus¬ 
pension  was  stirred  for  1  h.  Finally,  after  the  mixture  was  washed, 
filtered  and  dried  in  a  vacuum  oven  at  50  °C  for  12  h,  the  Pd/C 
catalyst  was  obtained. 

The  Pd/C-I<7  catalyst  was  prepared  as  follows:  50  mg  Pd/C 
catalyst  was  immersed  in  1.5  x  10  4  M  I<7ConWii039SnIVOFI  solu¬ 
tion.  The  suspension  was  continuously  stirred  for  6  h.  Finally,  after 
the  mixture  was  washed,  filtered  and  dried  in  a  vacuum  oven  at 
50  °C  for  12  h,  the  Pd/C-I<7  catalyst  was  obtained. 

2.3.  Characterizations  of  catalysts 

The  chemical  structure  and  elemental  analysis  of  the  synthe¬ 
sized  I<7ConWn039SnIVOFI  polyoxometallate  were  characterized  by 
a  Tensor-27  FT-IR  (Bruker,  Germany)  with  the  scanned  area  from 
400  to  4000  cm-1  and  resolution  ratio  was  4  cm-1  and  a  Intrepid-II 
ICP-AES  (Thermo  Elemental,  USA).  The  catalyst  composition  was 
determined  using  the  energy  dispersive  spectrometer  (EDS)  with 
Vantage  Digital  Acquisition  Engine  (Thermo  Noran,  USA).  X-ray 
diffraction  (XRD)  patterns  were  obtained  on  a  Model  D/max-rC  X- 
ray  diffractometer  with  the  Cu  Ka  (A  =  1.5406  A)  radiation  source 
operating  at  40  kV  and  100  mA.  The  morphology  and  particle  size  of 
the  Pd/C  and  Pd/C-I<7  catalysts  were  investigated  using  a  JEOL  JEM- 
2010  transmission  electron  microscopy  (TEM)  operated  at  200  kV. 

2.4.  Electrochemical  measurements 

The  electrochemical  measurements  were  carried  out  at 
30  ±  1  °C  with  CHI600B  electrochemical  analyzer  in  the  electro¬ 
chemical  cell  with  the  conventional  three  electrodes.  The  Pt  plate 
was  used  as  the  auxiliary  electrode.  The  saturated  calomel  elec¬ 
trode  (SCE)  was  used  as  the  reference  electrode.  All  the  potentials 
were  quoted  with  respect  to  SCE.  The  working  electrodes  were 
prepared  as  follows:  A  glassy  carbon  electrode  was  polished 
sequentially  with  0.3  and  0.05  pm  A1203,  followed  by  a  wash.  8  mg 
catalyst  and  4  mL  C2Fl50FI  were  mixed  to  obtain  the  catalyst  slurry. 
Then,  8.9  pL  slurry  was  spread  on  the  surface  of  the  glassy  carbon 
electrode.  After  drying,  4.5  pL  Nafion  solution  was  used  to  cover  the 
surface  of  the  catalyst  layer.  The  diameter  of  the  glassy  carbon 
electrode  is  4  mm  with  the  geometric  surface  area  of  0.1256  cm2. 
The  specific  loading  of  the  catalyst  on  the  electrode  surface  was 
28  pg  cm-2.  The  Pd/C  and  Pd/C-I<7  catalyst  electrodes  were  cleaned 
electrochemically  before  use.  In  order  to  clean  the  electrode,  the 
cyclic  voltammetric  treatment  of  the  Pd/C  or  Pd/C-I<7  catalyst 
electrode  was  taken  from  -0.2  V  to  0.8  V  in  0.5  M  FI2S04  solution. 

For  electrochemical  measurements,  the  electrolyte  is  0.5  M 
H2S04  solution  with  or  without  0.5  M  HCOOH.  The  chro- 
noamperometric  experiments  were  performed  in  0.5  M  H2S04  and 
0.5  M  HCOOFI  solution  at  a  potential  of  0.1  V  for  3000  s.  Prior  to  the 
measurements,  a  steady  stream  of  N2  was  bubbled  into  the  solution 
for  10  min  to  remove  02  dissolved  in  the  electrolyte.  During  the 
measurement,  N2  was  flowed  above  the  solution.  For  the  electro¬ 
chemical  measurement  of  the  adsorbed  CO,  the  electrode  potential 
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was  fixed  at  0  V  and  CO  was  bubbled  into  the  electrolyte  for  15  min 
until  CO  was  fully  adsorbed  on  the  electrode  [26,27].  Then,  N2  was 
bubbled  into  the  solution  for  10  min  to  remove  CO  in  the  solution. 

2.5.  Measurement  of  decomposition  of  formic  acid 

20  mg  Pd/C  or  Pd/C-I<7  catalyst,  30  mL  0.5  M  HCOOH  and  0.5  M 
H2SO4  solution  were  added  into  a  three-necked  flask.  The  gases 
produced  can  be  collected  between  28  °C  and  29  °C  from  the  water 
bath  under  continuous  stirring  condition.  Then,  the  volume  of  gas 
produced  from  decomposition  of  formic  acid  over  the  catalyst  was 
recorded  every  5  min  for  2  h. 

3.  Results  and  discussion 

3.1.  Catalysts  characterization 

The  FT-IR  spectra  of  new  polyoxometalate  with  Keggin  structure 
(Fig.  1)  shows  that  fingerprints  (1200-400  cm-1)  of  the  poly- 
oxmetalate  existed  four  characteristic  peaks,  J'as(W-Od),  ^as(W- 
Ob-W),  ^as(W— Oc— W)  and  <5(Co-Oa).  Three  bands  at  943,  873  and 
760  cm”1  can  be  assigned  to  antisymmetric  and  stretching  vibra¬ 
tions  of  W=Od,  W-Ob-W  and  W-Oc-W,  respectively  28-30]. 
The  band  at  442  cm”1  arised  from  the  flexural  vibration  of  O-Cq-O 


[31].  These  infrared  results  demonstrate  that  the  new  poly¬ 
oxometalate  possesses  Keggin  structure.  The  composition  of  the 
new  polyoxometalate  is  analyzed  by  ICP  measurement.  The  results 
shows  the  actual  mass  fractions  of  the  metal  elements  K,  Co,  W,  Sn 
are  8.17%,  1.21%,  64.06%  and  3.97%  respectively,  which  are  close  to 
the  theoretical  values:  8.76%,  1.89%,  64.96%  and  3.82%.  Therefore  the 
corresponding  formula  is  I<7ConWn039SnIVOH. 

The  primary  Keggin  structure  was  shown  as  Fig.  2A  and  the 
structure  was  changed  after  the  introduction  of  tin  element  [32,33]. 
As  shown  in  the  structure  of  the  new  polyoxometalate  (Fig.  2B),  the 
Co  lied  in  the  center  of  the  tetrahedron,  While  the  Sn  entered  into 
the  position  of  octahedron.  The  new  polyoxometalate  consists 
multiple  transition  metal  ion  of  high  protonic  conductivity.  Then 
the  high  ionic  conductivity  of  the  new  polyoxometalate  can 
enhance  the  conductivity  of  the  electrode  and  promote  electron 
transfer  reactions  [12,34,35]. 

The  composition  and  structure  of  the  Pd/C — 1<7  catalyst  were 
investigated  by  EDS  and  XRD.  As  shown  by  the  EDS  spectra  of  the 
Pd/C-I<7  catalyst  (Fig.  3 A).  The  co-existence  of  Co,  W,  Sn,  Pd  and  C 
characteristic  peaks  were  observed  in  the  Pd/C-I<7  catalyst.  Since 
only  K7ConWn039SnIVOFI  molecule  contains  Co,  W  and  Sn  ele¬ 
ments,  this  result  indicated  that  the  Pd/C  catalyst  is  indeed  modi¬ 
fied  by  I<7ConWii039SnIVOH.  In  the  XRD  pattern  (Fig.  3B)  of  the  Pd/ 
C— 1<7  catalyst,  the  characteristic  peak  at  2 5° belong  to  the  C  (002) 
plane  and  other  diffraction  peaks  at  39.8°,  44.9°,  67.6°,  and  81.2° 
can  be  indexed  to  Pd  (111),  (200),  (220)  and  (311)  planes  of  face- 
centered  cubic  crystalline  of  Pd,  respectively  (JCPDS  standard  05- 
0681  (Pd)).  This  indicated  that  the  Pd  particles  in  both  Pd/C  and  the 
Pd/C-I<7  catalysts  possess  the  face-centered  cubic  structure.  The 
average  sizes  of  the  Pd  nanoparticles  in  the  Pd/C  and  Pd/C-I<7 
catalysts  are  both  4.6  nm  according  to  Scherrer  equation  [9,36]. 

Fig.  4  shows  TEM  images  of  the  Pd/C  and  Pd/C-I<7  catalysts.  As 
shown  in  Fig.  4A  and  B,  Pd  nanoparticles  are  well  dispersed  on  the 
surface  of  carbon  in  both  the  Pd/C  and  Pd/C— 1<7  catalysts.  These 
results  of  the  XRD  and  TEM  images  demonstrate  that  I<7CoII_ 
Wn03gSnIVOFI  adsorbed  on  the  Pd/C  catalyst  has  no  effect  on  the 
structure  of  the  Pd/C  catalyst. 

3.2.  Electrochemical  performance  analysis 

A  recent  report  indicates  that  Pd/C  electrocatalysts  easily  lose  a 
large  amount  of  activity  owing  to  the  poisoning  adsorption  of  COadS 
during  formic  acid  electrooxidation  [37,38].  Based  on  CO-stripping 
voltammogram  studies  (Fig.  5),  it  is  found  that  the  electrochemi- 
cally  surface  area  of  the  Pd/C  and  Pd/C-I<7  are  35.11  and 
26.12  m2  g”1.  The  oxidation  peak  potential  of  CO  oxidation  at  the 
Pd/C-I<7  negatively  shift  ca.  25  mV  compared  to  that  at  the  Pd/C. 


Fig.  2.  Structure  of  (A)  Keggin  type  and  (B)  Keggin  type  of  Sn-substituted  polyoxometaiatate. 
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Fig.  3.  (A)  EDS  spectrum  of  the  Pd/C— 1<7  catalyst;  (B)  XRD  patterns  of  the  (a)  Pd/C  and  (b)  Pd/C— 1<7  catalysts. 


The  present  CO-stripping  tests  indicate  the  dramatic  diminution  in 
the  affinity  of  CO  in  Pd/C— K7.  According  to  previous  reports,  anions 
of  polyoxometalate  showed  the  ability  to  facilitate  the  electro¬ 
oxidation  of  intermediate  species  such  as  COads  or  the  CO-like 
species  during  methanol  electroxidation  12,34,39-41].  Therefore, 
the  redox  property  of  the  ConWn03gSnIVOH  anion  should  have  a 
positive  effect  on  the  removal  of  COads  oxidation  for  the  Pd/C-I<7 
catalyst.  According  to  the  triple-path  mechanism  of  electro¬ 
oxidation  of  formic  acid  (Scheme  1 ),  the  weak  affinity  of  the  Pd/C— 
I<7  catalyst  for  CO  can  facilitate  the  rate  of  the  formic  acid  oxidation 
via  the  direct  path,  which  also  enhances  the  electrocatalytic  sta¬ 
bility  of  Pd/C-I<7  for  formic  acid  electrooxidation. 

Fig.  6A  depicts  the  mass  activities  of  the  Pd/C  and  Pd/C-I<7 
catalysts  in  the  0.5  M  HCOOH  and  0.5  M  H2SO4  solution  at  the  rate 
of  50  mV  s-1.  The  anodic  peak  current  at  the  Pd/C-I<7  (363.2  A  gFd1) 
is  almost  1.9  times  higher  than  that  of  Pd/C  (189.0  A  gFd1). 
Furthermore,  the  onset  oxidation  potential  of  formic  acid  oxidation 
on  the  Pd/C-I<7  shifts  negatively  ca.  34  mV  compared  to  the  Pd/C.  In 
general,  the  mass  activity  can  be  taken  as  an  index  to  assess  the 
applicability  of  the  catalyst  for  the  formic  acid  oxidation  [42,43]. 
Thus,  the  lower  oxidation  peak  potential  and  higher  oxidation  peak 
current  show  that  the  Pd/C-I<7  catalyst  has  higher  electrocatalytic 
performance  than  the  Pd/C  catalyst. 

Fig.  6B  displays  the  Tafel  plots  of  log  I  vs.  E  for  the  formic  acid 
oxidation  at  the  Pd/C-I<7  catalyst  and  the  Pd/C  catalyst  in  electro¬ 
chemical  control  region.  In  lower  output  current  region,  both 


curves  keep  consistent  with  Tafel  linear  relationship.  Under  the 
same  output  voltage,  the  Pd/C— K7  catalyst  shows  a  higher  output 
current  with  respect  to  the  Pd/C  catalyst,  namely,  the  slope  of  log  I 
vs.  E  curve  at  the  Pd/C-I<7  catalyst  is  smaller  at  the  Pd/C  catalyst. 
Moreover,  the  polarization  over-potential  at  the  Pd/C  catalyst  oc¬ 
curs  at  lower  output  current  density.  These  results  exhibit  that  the 
formic  acid  oxidation  at  the  Pd/C-I<7  catalyst  has  a  faster  kinetic 
rate.  The  high  protonic  conductivity  of  the  new  polyoxometalate 
can  facilitates  the  proton  migration  and  promote  electron  transfer 
reactions  during  formic  acid  oxidation  via  the  direct  pathway. 

It  is  well  known  that  the  specific  activity  of  catalyst  can  effec¬ 
tively  evaluate  the  actual  value  of  the  intrinsic  activity.  As  observed 
in  Fig.  6C,  the  peak  current  density  (i.e.,  the  specific  activity)  of  the 
formic  acid  oxidation  on  the  Pd/C-I<7  catalyst  (13.9  A  nrT2)  is  about 
2.6  times  higher  than  that  on  the  Pd/C  catalyst  (5.3  A  m-2). 
Furthermore,  the  onset  potential  of  formic  acid  oxidation  on  the  Pd/ 
C-I<7  catalyst  shifts  negatively  ca.  34  mV  compared  to  the  Pd/C 
catalyst. 

We  further  analyzed  the  turnover  frequency  (TOF)  of  the  Pd/C— 
K7  catalyst  and  the  Pd/C  catalyst  for  formic  acid  oxidation  at  0.1  V 
according  to  Eq.  (3)  [44-46]. 

TOF  =  ik/neNs  (3) 

where  ik  is  the  specific  current  density,  n  is  the  number  of  electrons 
transferred,  e  is  elementary  charge,  and  Ns  is  atomic  surface  density. 


Fig.  4.  TEM  images  of  the  (A)  Pd/C  and  (B)  Pd/C— 1<7  catalysts. 
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Potential  /  V  vs.  SCE 


Fig.  5.  Cyclic  voltammograms  of  pre-adsorbed  CO  at  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7 
catalyst  in  0.5  M  H2S04  solution  at  the  scan  rate  of  10  mV  s-1. 

The  TOF  value  gives  the  number  of  formic  acid  molecules 
formed  per  Pd  surface  site,  assuming  that  all  surface  Pd  atoms  are 
active.  The  Pd/C— 1<7  catalyst  shows  an  enhancement  in  TOF  than 
the  Pd  catalyst  by  a  factor  of  2.8  (2.5  atom  1  s-1  vs.  0.9  atom-1  s-1) 
at  0.1  V  potential.  The  improved  activity  of  the  Pd/C— 1<7  catalyst  for 
formic  acid  oxidation  may  be  ascribed  to  the  lower  chemisorption 


of  hydroxyl  species,  which  offers  more  free  active  sites  for  formic 
acid  oxidation. 

To  evaluate  the  electrocatalytic  stabilities  of  catalysts,  the 
chronoamperometry  tests  were  conducted.  Fig.  7  A  displays  the 
chronoamperometric  curves  of  0.5  M  HCOOH  +  0.5  M  H2SO4  so¬ 
lution  at  the  Pd/C  and  Pd/C-I<7  catalyst  electrodes  at  0.10  V  po¬ 
tential.  It  was  observed  that  the  current  densities  of  formic  acid 
oxidation  at  the  Pd/C  and  Pd/C-I<7  catalysts  electrodes  are  30.18 
and  63.96  A  g-1  at  3000  s.  They  correspond  to  9.15%  and  17.18% 
current  densities  at  10  s  at  the  Pd/C  and  Pd/C-I<7  catalyst  elec¬ 
trodes,  respectively.  This  fact  indicates  the  durability  of  the  Pd/C- 
I<7  catalyst  is  much  better  than  that  of  the  Pd/C  catalyst. 

Fig.  7B  shows  the  current  density  versus  cycle  numbers  curves 
for  the  cyclic  voltammograms  of  0.5  M  HCOOH  +  0.5  M  H2SO4  so¬ 
lution  at  the  Pd/C  and  Pd/C-I<7  catalyst  electrodes.  It  was  observed 
from  Fig.  7B  that  although  the  current  densities  at  the  Pd/C  and  Pd/ 
C-K7  catalyst  electrodes  both  decreased  gradually  with  successive 
scans.  After  500  CV  cycles,  the  current  density  of  the  Pd/C-I<7 
catalyst  kept  43.6%  of  the  initial  value,  two  times  higher  than  that  in 
the  Pd/C  catalyst  (22.1%).  The  above  results  are  consistent  with  the 
results  in  Fig.  7A,  demonstrating  that  the  Pd/C-I<7  catalyst  shows  a 
greater  stability  for  the  electrochemical  application  than  the  Pd/C 
catalyst.  The  redox  property  of  the  ConWn03gSnIVOH  anion  has  a 
positive  effect  on  the  removal  of  COads  oxidation  for  the  Pd/C-I<7 
catalyst.  The  weak  affinity  of  Pd/C-I<7  for  CO  facilitates  the  rate  of 
the  formic  acid  oxidation  via  the  direct  pathway,  which  also  en¬ 
hances  the  electrocatalytic  stability  of  Pd/C-I<7  for  formic  acid 
electrooxidation. 
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Fig.  6.  (A)  Mass  activity  of  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7  catalyst  in  0.5  M  HCOOH  +  0.5  M  H2S04  solution  at  the  scan  rate  of  50  mV  s_1;  (B)  Tafel  plots  of  log  /  vs.  E  for  the  formic 
acid  oxidation  at  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7  catalyst  in  electrochemical  control  area;  (C)  specific  activity  of  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7  catalyst  in  0.5  M  HCOOH  +  0.5  M 
H2S04  solution  at  the  scan  rate  of  50  mV  s_1;  (D)  the  TOF  of  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7  catalyst  at  0.1  V. 
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Fig.  7.  (A)  Chronoamperometry  curves  of  (a)  the  Pd/C  and  (b)  the  Pd/C— 1<7  catalyst  in  0.5  M  HCOOH  +  0.5  M  H2S04  solution  at  0.10  V;  (B)  the  peak  current  density  versus  cycle 
numbers  curves  for  the  cyclic  voltammograms  of  0.5  M  HCOOH  +  0.5  M  H2S04  solution  at  the  (a)  Pd/C  and  (b)  Pd/C— 1<7  catalyst  electrodes. 


3.3.  Decomposition  of  formic  acid  over  two  different  catalysts 

Fig.  8  displays  the  relationship  curves  between  the  time  and  the 
gas  volume  produced  from  the  catalytic  decomposition  of  formic 
acid  over  the  Pd/C  and  Pd/C-I<7  catalysts  in  0.5  M  HCOOH  +  0.5  M 
H2SO4  solution.  The  gas  volume  produced  from  the  decomposition 
of  formic  acid  over  the  Pd/C  and  Pd/C— K7  catalysts  in  two  hours  are 
31.5  and  5.8  mL,  respectively.  Previous  research  has  shown  that  the 
main  products  of  the  decomposition  of  formic  acid  over  the  Pd 
catalyst  are  CO2  and  H2.  However,  the  products  also  contain  a  small 
amount  of  CO  [47^49].  The  catalytic  decomposition  of  formic  acid 
over  the  Pd  catalyst  wastes  a  lot  of  formic  acid.  Furthermore,  CO 
from  the  decomposition  of  formic  acid  could  poison  the  Pd  catalyst 
to  decrease  the  electrocatalytic  performance  of  the  Pd  catalyst.  The 
gas  volume  produced  from  the  decomposition  of  formic  acid  over 
the  Pd/C-I<7  catalyst  is  only  18.4%  of  that  over  the  Pd/C  catalyst, 
indicating  that  the  Pd/C-I<7  catalyst  can  largely  inhibit  the 
decomposition  of  formic  acid  and  then  decrease  the  CO  production. 
Therefore,  the  electrocatalytic  stability  of  the  Pd/C-I<7  catalyst  for 
the  oxidation  of  formic  acid  is  much  better  than  that  of  the  Pd/C 
catalyst. 


Fig.  8.  The  relationship  curves  between  the  time  and  the  gas  volume  produced  from 
the  catalytic  decomposition  of  formic  acid  over  (a)  the  Pd/C  and  (b)  the  Pd/C — 1<7 
catalysts  in  0.5  M  HCOOH  +  0.5  M  H2S04  solution. 


4.  Conclusions 


In  summary,  the  Pd/C-I<7  catalyst  possesses  the  improved 
electrocatalytic  activity  and  stability  for  formic  acid  oxidation.  Due 
to  the  high  protonic  conductivity  and  redox  property  of  K7C011" 
Wn03gSnlv0H,  the  Pd/C-I<7  catalyst  exhibits  better  electro¬ 
chemical  stability,  superior  CO  tolerant  ability  and  higher 
electrocatalytic  activity  over  single-component  Pd  nanoparticles 
for  formic  acid  oxidation.  Based  on  the  above  results,  the  Pd/C-I<7 
catalyst  could  solve  the  two  major  problems  of  DFAFC  with  the  Pd/C 
catalyst:  the  decomposition  of  formic  acid  and  the  poor  electro¬ 
catalytic  stability.  Thus,  the  Pd/C-I<7  catalyst  has  the  good  appli¬ 
cation  respect  in  DFAFC. 
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